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An  investigation was undertaken at sea-level  static  conditions to  
determine the  effects of radial discharge of coo- air from turbine 
ro tor  blades on turbine performance i n  two turbojet engines, one w i t h  a 
centrifugal ccgqpressor and the .other  with an axial-flow compressor. 
Each engine w a s  operated so that performance  comparisons could be made 
between cooled- and uncooled-turbine data. During cooled  operation,  the 

blade  tips. 
d cooling air was discharged r a d i a l l y  into the gas  stream from the  rotor 

w The efficiency (as defined herein) of neither  turbine was seriously 
affected by t i p  discharge of' cooling air at coolant- t o  gas-flow ra t ios  
below 0.03. It apgeared that the work r e q ~ r e d  t o  pump the  cooling air 
through the  rotor was partially  regained. 

Air-cooling of turbine blades as a lheans of hproving engine  per- 
formance through increased  turbine-inlet  temperatures o r  of reducing 
turbine  critical-material  content &E been investigated  both experi- 
m & t a l J y  and analyt ical ly   in   the past. In  ek&mdAng the desirabi l i ty  
of such  cooling,  the  effect  of.aLr-cooling on the performance of the 
engine  and the  principal  engine  cmponents has also been investigated. 
Methods for determining performance characteristics are presented i n  
reference 1. References 2 t o  5 show analytically the performance g a i n s  
possible  with  air-cooling. In addition,  the  reduction in cr i t ica l -  
material.  content  possible with turbine air-cooling is  shorn in refer- 
ence 5. The effect  of' cooling cn turbine  efficiency is. analytically 
predicted in reference 6. The resul ts  of experimental cold-dr  turbine 

efficiency  occurred.  with  the use of a total   coolant-  to gas-flow r a t i o  
of 4 percent.  The'analytical results of reference 6 were predicated on 

e tes ts   in   reference 7 indicate that a l/2-percent  reduction in   turbine 

'* 
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an increase i n  blade  profile  losses due t o  heat removal by the  coolant; 
the experimental t e s t s  of reference 7 were obtained with no temperature 
difference between the m a i n  gas stream and the  coolant. 

The present investigation was undertaken a t  the NACA Lewis lab- 
oratory in  order  to  explore the effect  of radial dLscharge of cooling 
air from the  blade tips on turbine performance a t  curren-b operating 
temperatures. A centrifugal-campressor  engine aad an axial-flow- 
compressor engine were modified for  air-coaling and operated a t  sea- 
level  static  conditions t o  provide a carparison of uncooled- and coolsd- 
turbine  efficiency Over a &nge of turbine  operating  conditions. The 
centrifugal-compressor  engine was operated  mer a range of equfvalent 
turbine speeds frm 93 t o  102 percent of design  (both  cooled and u11- 
cooled) and coolast-   to gas-flow ra t ios  from 0 t o  0.08. The a x i a l - f l o w -  
compressor engine w&s investigated  over a range of equivalent  turbine 
speeds from 70 t o  88 percent of design f o r  coolant- t o  gas-flow ra t ios  
from 0 t o  about 0.10. The range of equLval.&t turbine speed for  the 
axial-flow-canpressor  engine wm limited because the noncritical mater- 
i a l  used in  the rotor blades prevented  uncoaled  operation at higher 
turbine-inlet  temperatures. 
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SYMBOLS 

mea,  sq f t  

specific heat a t  constant pressure, Btu/(lb)(%) 

fue l -a i r   ra t io  

acceleration due to  gravity,  32.17 ft/sec2 

lower heating  value of fue l  , 18,750 Btu/lb 

t o t a l  enthalpy,  Btu/lb 

mechanical  equivalent of heat, 778 ft-lb/Btu 

Mach number 

rotational speed, rpn  

static  pressure,  lb/sq ft  

total  pressure,  lb/sq f t  

gas constant,  ft-lb/(lb) (%) 
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turbine  tip  radius, 1.083 ft for  turbine A and 1.428 ft for tur- 
bine B 

total  temperature, 91 

NACA standard  sea-level . " temperature, 518.7O R 

wheel  speed,  ft/sec 

absolute  combustion-gas  velocity, ft[sec 

weight flow, lb/sec 

ratio  of  specific  heats 

ratio of pressure  to NACA standard  sea-level  pressure  of 2116 . 
lb/sq ft 

efficiency 

ratio of twerature to NACA standard sea-level  temgerature  of 
518.70 R 

Subscripts : 

a 

&C 

B 

b 

C 

f 

g 

id 

m .. 
0 

9 

r 

cooling alr 

actual 

burner 

compressor  bleed 

compressor 

fuel 

combus  tion  gas 

ideal 

mixture  of cool ing air and  cambustion  gas 

refers  to  zero  cooling air or  zero  compressor-bleed-air  con&Ltions 

recirculating  compressor  secondary  bleed air 
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nonrecirculating compressor secondary bleed alr 

turbine 

turbine  blade  tip 

whirl ccmrponent 

axial cmponent 

engine  measuring stations  (fig. 3) 

The performance of 84 uncooled turbine is general ly described by 
plotting  the  equivalent  turbine work Ah$/e5 against  the  equivalent 
speed - weight-flow parameter w31'?/63. Lines o f  constant  turbine  pres- 
sure  ratio .;/pi, constant  equivalent  turbine speed N/ & and con- 
stant  turbine  efficiency % appear a8 plotted parameters. If the 
turbine stator is  choked Over the entire range of turbine  operation, 
the turbine equivalent weight f l a w  u3-/E3 I s  a constant, and t he  

parameter w3N/63 can be replaced by the  equivalent  turbine speed 
N/&. The definition of turbine  efficiency, 

q t  = (?)/%;3 To[l -($) 1, permits  the  elimination of one of the 

parameters, ei ther qT, 9/83' o r  p3/p4. The turbine performance can 

therefore be  completely  described as a relation of the  three parameters, 

y-l 

4 p 3 ,  JVG, 'Ir- 

If the  turbine i s  operated as a component of a turbojet engine wlth 
a fixed  Jet  nozzle  area,  the  equivalent -ne speed N/ 6 may be 
used as a. parameter replackg aqy one of the  turbine  pmameters just  
discussed; and the  turbine performance may be  described, f o r  example, 
as EL relation of the parameters %/e3, IT/&, and N/ &. If t h i s  

turbine cmponent i s  cooled by air flowing radially through the  turbine 
rotor,  the  coolant flow r a t i o  wa/w3 will 'determine  the equivalent 
turbine speed required t o  produce a fixed value of' -/e3 a t  a fixed 

engine  speed af N/&. Theref ore, the coolant flow r a t i o  must be em- 
ployed as aa additional parameter. Bleddirg  compressor-discharge air 

¶ 

n 
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in varylng amounts has a simllar effect, and the compressor bleed r a t i o  
wb/w3 must also be employed as a parameter to  describe .the turbine 
performance.  For a particular  turbine a relat ion of any three of the :-' 
parameters, Ah+/63, tlT, N/&, NA& wJw3 or w+3J de- , 

tennine  the  turbine  operating  cariditions. ._ 

Dsta were obtained during this investigation by operating the en- 
w gine with a fixed tail-pipe  area a t  several  constant values of equiva- 
Q, w a 

lent  engine  speed. A t  each equivdent engine speed, q / e 3  and 
N/& were varied by passing amounts of coolFng air through 
the  turbine,  or by bleeding various amounts of air fram the  discharge 
of the engine  compressor  and removdng it f rcpn the engine cycle. During 
the  cooled runs, the work and i n l e t  temperature changes caused by pump 
ing different rates of cool ing air through the  rotor caused variations 
in the equivalent work and equivalent  turbine speed. During uncooled 
operation,  the work and temperature changes  caused  by varying loads im- 
posed on the  turbine by the engine  campressor  produced the  variation 
in  equivalent work and equivalent turbine speed. 

" The data were pld€ted as illustrated in fi- 1 t o  permit a cam- 
parison of the cooled-  and  uncooled-turbine .eff ic iencies-at  the same 
turblne map points. The three  parameters, wa/w3 or wb/w3, N/ 6, 
and N/ 6, are shown i n -  figure 1(a) . (The turbine s t a t o r  was choked 
over the ent i re  range of these data. ) H e r e  wa/w3 and %/w3 were 
each plotted  against I?/ 6 for constant  values of N/ 4. 

n 

The three  parameters, Ah,+/€),, Nit&, and N/ e, are shown in 
figure l(b) with Unes of constant wa/w3 or %/w3 superimposed on 
the map by cross-plotting from figure l ( a ) .  Rgure l(c).shows w, 
N/&, and N / e  with l ines  of donstant wa/w3 o r '  wb fw3 a l so  
cross-plotted frm figure l(a).  (An efficiency ratio, rather than q ~ ,  
was used here f o r  plott ing convenience. ) Figure l (d)  was obtdned by 
cross-plotting ~ n e s  of constant q / e 3  *am figure l (b)  on the co- 
ordinate system of figure l (c ) .  A composite of figure l (d)  for   the 
cooled and  uncooled operations  describes  the performance in terms of ' '  

the parameters Ah+/e,, N/&, and thus  permitting a com- 
parison of the %/% cooled  with T+/%,~ uncooled at the eame 

values ~f %/e3 and N/*. 
J O  

m 

The preceding  treatment of the .data assumes that the  turbine  effl-  
8 diency is campletely  described by same function of the parameters 
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N/ 6, N/ 6, Al1+/0~, and wa/w3 or wb/w3. Dimensional considera- 
tions  indicate that the  gas Reynolds nmber should be expected t o  af- 
fect  the  turbine  efficiency. If the  turbine  rotor i s  cooled, reference 
1 indicates that the  coolant weight  flow  and the amount  of h a t  trans- 
ferred t o  the  coolant i n  the  rotor should be  considered in   addi t ion  to  
the gas Reynolds nmber. Reynolds nmiber effects are often  negligible 
over a wide range of Reynolds numbers, and the r o t o r  heat-transfer  rates 
involved in  air-cooling of the rotor  blades are small campared with the 
total heat  content of the ccndbustion gas. The data of t h i s  investiga- 
tion were processed with the assmption that both Reynolds number and 
heat-transfer effects were small. Consequently, care.must be exerciBed 
in  extrapolating  the  results  to materially different  conditions of tur- 
bine  operation. 

Cmplicatims arise i n  def5-g and evaluating  the  efficiency of a 
cooled  turbine.  For example, there  are two possfble  viewpoints  regard- 
ing the working fluid in  defining  cooled-turbine  efficiency . One is 
concerned with the  cmbustion  gas as the only working fluid, whereas the 
ather is concerned with both cmbustion gas and cooling air a6 potential 
working fluids. Likewise the  turbine  output can be considered t o  be 
either  the shaft work alone or the shaft work plus  the wqrk required 
t o  pump the  cooling a i r  through the rot0.r. . 

When a l l  the  factors  discussed  previously  are  considered, at least  
four possible  definitions of turbine  efficiency  result: 

m 
rr) m 
M 
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Equations (1) and (2) consider  both fluids entering  the  turbine as 
potential work -sources. In addition,  equation (2) includes the w o r k  
required  to pump the cooling a i r  through the rotor as part, Cce the tur- 
bine  output. These definitions of efficiency are inconvemient t o  apply 
t o  cycle  calculations, because the turbine  cooling-air inlet totd pres- 
mre pi  must be known, and the discbxge  pressure  p' does not de- 
pend solely on the  combustion-gas conditions. 

D. 4 ,m 

- In equations (3) and (4), the combustion gas i s  the  sole work 
source.  Equation (3) is identical  t o  the  efficiency  definition for an 
uncooled turbine, whereas equation (4) includes  the pumping  work in the 
turbine  output.  Equation (4) i s  used in   the  analysis of reference 5 
t o  evaluate  potentialities and l imi ta t ions  of turbine cooling. For the 
uncooled m s ,  the  coollng air terms in all equations  becme  zero, and 
the  equations become the same as used f o r  an uncooled turbine. The 
principal data presentation of the present  report w i l l  ut i l ize  the  ef-  
ficiency  definition of equation ( 4 )  . A portion of the  cooled-turbine 
data, calculated by each of the foregoing  equations, i s  cmpared i n  
order t o  illustrate the  var ia t ion   in  the  numerical  values of efficiency 
with the  definition employed. 

Turbines 

Turbine A, installed i n  an engine having a double-entry  centrifugal 
compressor, has 54 hollow, unshrouded blades  incorporating twist and 
taper  (fig. 2(a)). This turbine *eel i s  fully described in  reference 
8, and the  turbine  blades are &scussed i n  reference 9. A standard 
turbine s t a t o r  was used. 

c 

Turbine B, installed i n  an engine having R 12-s.tage axlal-flow cm- 
pressor, has 72 unshrouded, nontwisted,  constant-chord  blades with 
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corrugated  inserts  (fig. 2(b)). The  mechanical  design of the  rotor  and 
cooling-air  supply  system  is  discussed in reference 10. The  aer.ody- 
namic design of the  rotor  and  stator  blades  is  described  in  reference 
11. A special  turbine  stator  with 64 solid,  twisted  blades was used 
with  this  rotor. 

The rotor  blade  tip  clearance  (cold) was set  for  approldmately 
0.110 inch in both turbines. This tip-clearance  value i s  wtthin  the 
limits normally specified  for  the  standard  production  turbines of the 
engines  used in t h i s  investigation.  The  tip  radius  was 1.083 feet for 
turbine A and 1.428 feet  for  turbine B. 

Engine  Installation 

The  installation  of  the  centrifugal-compressor  englne is illus- 
trated in figure 3. A baffle all tihat extended around the  engine ap- 
proximately  at  the  burner  inlets was used  to  prevent air in contact 
with  hot  parts  of  the  engine frm being drawn into  the  campressor in- 
let.  The  axial-flow-compressor  engine  installation was similar, except 
that no baffle wall Was iu3ed. . .  

On both  engines, a number of bleed points at-the  compressor  dis- 
charge  were  connected  to a collecting manifold around  the  engine.  The 
quantity  of  air  flowing  in  the  bleed  system was remotely  controlled  by 
valves in the  discharge lines. In  the  case of the centriwl- 
compressor  engine,  these  discharge  lines  emptied  into  the  atmospheric 
sound-muffling  chamber  (fig. 3). On the  axial-flow-canpressor  engine, 
the  compressor-bleed ascharge lines  emptied into the  test  cell. 

Measurements 

The  type  and  location of instruments  at  each  instrumentation sta- 
tion  are  shown  in  figure 4(a) for  the  centrif'ugal-compressor  engFne and 
in figure 4(b) for  the  axial-flow-campressor  engine. 

h both  installations,  the  engine-inlet air flow and t h e  canpressor- 
bleed  air  flow  were  measured  by  venturi  tubes (figs. 3 and 4> . The 
quantities of external  cooling air were  measured  by  standard  flat-plate 
orifices  upstream  of  the  turbine cooling-air inlet.  The mdal-f low- 
campressor  engine  had  overboard and interstage.bleeds 88 integral  en- 
gine  functions. %e aLr-flow  quantities through these  bleed  lines were 
measured by ahrp-edge oriffces and pitot-static tubes a8 described in 
reference 10. In both  engines  fuel flow was measured  by  rotameters and 
engine  speeds  were  measured by chronometric  tachometers. 
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wine Operation 

Turbine A. - The centrifugal-compressor  engine in  which turbine A 
was instal led was operated uncooled a t  equivalent  engine speeds of 9325, 
9715, 10,210, and 10,975 rpm. A t  each  speed the campressor bleed was 
varied from zero t o  approxfmately 8 percent of the  turbine-inlet mass 
flow. The compressor-bleed air was discharged t o  atmospheric  pressure 
outside  the  sealed  engine  test  cell. In order t o  maintain a constant 
equivalent  engine  speed N/&, it was necessary t o  increase  the 
turbine-inlet  temperature,  because  the  turbine  specific work increased 
when air was bled frm the compressor. As a result,  the  equivalent tur- 
bine  speed B/ 6 decreased, and the,  turbine  operated in  a region to  
the left  of i t s  normal operating lFne ( f ig .   l (b ) ) .  

Cooled-turbine  operation was conducted at  equivalent engine speeds 
of 9610, 10,145,  10,315, 10,785, and  10,890 rpm. Compressor aLr was 
not  bled fram the engine  during  these m s .  .Instead,  cooling a i r  was 
supplied to  the  rotor  blades fram a laboratory air system i n  quantities 

flow at each speed. Such operation also resu l ted   in  a reduction in  the 
equivalent  turblne speed due t o  the  increase in  turbine-inlet  tempera- 
ture  associated wLth the  increase in pumping work expended on the  cool- 
i n g   a i r  in the  turbine  rotor. Again, operation in a map region t o  the 
l e f t  of the normal turbine  operating  line resulted. 

I ranging from zero t o  approximately 8 percent of the  turbine-inlet mass 

.. 

Turbine B. - The axial-flow campressor -ne i n  which turbine B 
was instal led was operated  uncoaled at  equivalent engine speeds of 
4990, 5485, and 5985 rpm. The compressor bleed  was.varied fram zero t o  
approximately 5 percent of the  turbine-inlet mass f low during  each m, 
and the  bleed air was discharged  into  the test cel l .  

Cooled operation was conducted at  equivalent engLne speeds of  4995, 
5490, and 5995 rpm. The cooling-air-flow rates were varied at  each 
speed from zero t o  respective maximums of ll, 7, and 6 percent of the 

’ turbine-inlet mass flow. The operational  characteristics of this tur- ‘ 

bine were similar t o  those e turbine A, and partial turbine maps were 
constructed as described  previously. 

Calculations 

- The calculation  procedures employed t o  process  both  sets of tw- 
bine data w e r e  the same. Secondaly-bleed-air terms that appear in  the 
following equations w e r e  zero f o r  turbine A. The enthalpy  terms  appear- 

frm directly measured temperatures and the  charts of reference 1 2 .  
* ing as known quantit ies  in subsequent  energy  balances were evaluated 
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Flow rates.  - The flow rates wl, ws, wb, wa, and wf were deter- 
mined from the calibrated instrumentation mentioned in   t he  APFAFMVS 
AND INSTRUMFJWATION section. Other required f low rates  and fuel-air  
ra t ios  were cmputed  frcm,the following expressions: 

w3 = wz .+ Wf 

W4,+ = w 3  + wa + ws 

Turbine-inlet  conditions. - The turbine-inlet  total  pressure was 
determined frm direct  measurements upstream of the  turbine  stators. 
The turbine-inlet   total  temperature Ti was d-etermined f m m  an energy 

balance  across  the combustor that was solved for   to ta l   spec i f ic  inlet  
enthalpy  hi: 

w2hk + w q h3 = f B  
w3 

where qg i s  0.95 {based on combustor data) for  the  centrifugal-  

ccanpressor engine  and 0.98 (based on c-iujtor ata) for  the  axial-flox- 
compressor engine. Then Ti w a s  determined from the  charts of refer- 

ence 1 2  and the calculated  values of h3  and (f/a) 3. 

Turbine-outlet  conditions. - The static  pressure downstream of the 
turbine exit was determined by a direct  measurement frm wall taps. The 
f l o w  area was established  before  operation by meas~enient of the tail- 
cone  geametqy.  The turbine-outlet  temperature T '  w a s  .found from an 
energy  balance  across  the turbine as indicated i n  sketch (a) and equa- 
t ion  (6) : 

4 ,m 
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Sketch (a) 

N 

& The term wr(hi - h$} does not  appear in eqmtion (6) because h i  = h.$. 
This energy balance was solved  for h4,m; T4,m was determined from 

( f /d4,  hi,,, and the  charts of reference 12. 
I 

With the assumption that = Ti,,,m, the axial cranponent of the 
.. total pressure was established by simul-taneously solving the two fo l -  

lowing equations : 

and 

For the  centrifugal-compressor  engine the area Aq in  equation (8) was 

the  annular  cross-sectional a r e a  at  s ta t ion 4. For the axial-flow- 
campressor  engine Aq was the area between the  inner and outer surfaces 
of the tail cone. Inasmuch as these   l a t te r  were surfaces of cones with 
different cone angles, the distance between the tail-cone  surfaces was 
taken along a f i e  normal t o  a m e a n  l i n e  through the tail-cone gas 

- 

. passage. 
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When the value of p4 was found, it was then  possible  to c m -  ,x>m 
pute Pj/P~,,,,. 

Turbine operational  parameters. - The calculations of W ~ / W Z  and 
q,/w3 were made directly'from  the  quantities  already  discussed. The 
turbine speed N was determbed frm an engine measurement and M/ 
computed after  obtaining -. TA.. Calculation af the turbine specific mt- 
put qJaC depends on which viewpoint i s  taken regarding the  turbine 
output (GENERAL CONSIDERATION section). For the  principal data presen- 
ta t ion  of t h i s  report,  the cooling-& pumping work i s  regarded as part 
of the  turbine work output. On t h i s  basis the  turbine  specific work 
output i s  expreesed by the following relation: 

. .  

The equivalent work ahrfi,ac/€13 was then ccrmputed .directly. 

When the pumping work is not assumed a part af the work output this 
expression  reduces t o  

Wl(hi - h i )  - Ws(hi - hi) "1% 
%,a, - 

- - " 
"3 w3 

(9b) 

The ideal wark can also be computed i n  two ways. Assuming that the 
combustion gas i s  the only working fluid, the t o t a l  ideal turbine work 
can be expressed as 

where h4,g,id is determined frm the  turbine  pressure  ratio 

P&,x,d (f/a>,, and t h e  charts and method of reference 12. Assuming 

the cooling air i s  a l s o  a working fluid and U g  the work potential  
of the flow into  accowt  give 

where, as before, hL,a,id was determined frm the charts and the  pres- 
sure  ratio  p;/p~,~,,. The total   pressure p& was a direct ly  measured 
quantity a t  the  turbine  rotor hub. 

. 
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- The var ious  turbbe  eff ic iencies  mentioned in   t he  GENERAL CON- 
SIDERATION section  could  then be computed.. 

RESUECS AND DISCUSSION 

Performance Characteristics 

8 
W 
crr 

Turbine A. - The turbine  operating  Lhes f o r  constant  equivalent 
engine  speeds are presented on equivalent  turbine work and equivalent 
turbine speed coordimte systems in  figure 5 for  turbine A. The data 
for  uncooled  operation  (fig.  5(a) } exhibit virtually no change in 
equivalent  turbine work as the compressor-bleed r a t i o  i s  increased and 
as the  equivalent  turbine speed  ilecreases. The zero  coolant  flow and 
the  zero  compressor-bleed l i nes   i n  figure 5(a> and (b) were established 
by passing a mean l ine  through all available  zero flow data as shown i n  
figure 6. During cooled  operation as the-  coolant-  gas-flow r a t i o  in: 
creased  the _equiualent work increased  substentia-lly  except along the 
maximum-engine-speed operating line, where it was essentially  constant. 

- An increase in  either ccrmpressor-bleed or  coolant-flow  ratio re- 
quired a greater  extraction of work per pound from the combustion gas. 
For the cmpressor-bleed runs, the additional work was expended i n  can- 

the  cooled runs this additional work was expended in pumping the  coolant 
through the  turbine  rotor. 

r. pressing  the air prior to bleeding from the compressor discharge. For 

The variation of the turblne-efficiency r a t i o  with  the  equivalent 
turbine speed is shown in fi@;ure 7. The turbine  efficiency used was 
that defined by equation (4).  The turbine-efficiency  ratio i s  the 
r a t io  of the turbine efficiency a t  a @veri condition  to  the  turbine 
efficiency at zero  coolant flow and zero  bleed a t  the same equivalent 
engine speedr The turbine  efficiency at zero  coolant f l o w  and zero 
bleed Was 80 percent (&L) over the  range af equivalent  turbine speeds 
investigated. A t  lower values of equivalent  turbine  speed durFng 
compressor-bleed  (uncooled) operation  (fig. 7(a) ) , the efficiency  ratio 
decreased with decreasing  equivalent  turbine speed along a lFne of con- 
stant  equivalent  engine speed. Along the  operating  line f o r  an equiva- 
len t  -ne speed of 9325 rpm, f o r  example, the turbine  efficiency de- 
creased  about 2 percent. For highest equivalent engine speed (10,975 
rpm), the  turbine-efficiency ratio was essentially  constant. 

During cooled  operation  the  turbine-efficiency r a t i o  increased as 
- the  coolant-flow r a t i o  was increased (fig. 7(b)). The efficiency-ratio 

increase averaged  about 6.5 percent for  the maximum coolant-flow r a t i o  
of 0.08 considered  over the range of equivalent  turbine speeds investi- 

z gated (93 t o  102 percent of design}. 
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The efficiency  ratios  (as determined by eq. (4) 1 f o r  both  cooled- 
and uncooled-engine operating data a t  We same values of equivalent tur- 
bine work and equivalent  turbine speeds a re  compared in   f igure 8. The 
constant-equivalent-work l ines   for  uncooled operation were extrapolated- 
t o  cover  the same speed range as covered by the data f o r  cooled  opera- 
tion. A t  an equivalent  turbine work of 19 Btu per poynd and an eq,,va- 
lent  tu rbhe  speed of 5340 rpn, figure 8 indicates that the  turbine- 

efficiency  ratio was decreased  about E$ percent from the zero-bleed - 
zero-coolant - flow efficiency. The cooled-turbine-efficiency  ratio a t  
a coolant-flaw r a t i o  of 0.08 increased about 6 percent from the same 
point. Near. design  turbine  speed this spread between the cooled- and 
uncooled-turbine-efficiency was less pronounced. 

1 
2 

QI 
M w 

Turbine B. - The variation -of equivalent  turbine work with equiva- 
lent  turbine speed for  turbine B i s  i l lus t ra ted  in figure 9. The tur- 
bine  design  speed.was  not  attained  for the reason noted  previously. For 
both  uncooled (fig.  9(a)) and cooled (fig.  9(b)) operation,  the  equiva- 
l e n t  work remained essentially  constant f o r  a given  value of equivalent 
engine  speed  throughout the r u e  of equivalent  turbine speeds  and 
bleed- o r  coolant-flow ratios  investigated. 

Variation of turbfne-efficiency  ratio with equivalent  turbine speed 
i s  shown.in figure 10. For zero  coolant  flow the turbine  efficiency vas 
about 67 t o  72 prcent  over the range of equivalent turbine speeds in- 
vestigated. The data trends were similar t o  those obtained  with  turbine 
A, although the magnitudes of the efpiciency  ratio changes were not a8 
.great. During ugcoCrled.crperation the eff ic iency  ra t io  decreased a l l g h t -  
ly (1/2 t o  1 percent) with decreasing  equivalent  turbine speed along the 
l ines  of constant  equivalent engine speed. . .  

DWing cooled  oseraticm a slight increase  in'turbine-efficiency 
r a t io  occurred as the coolant-flow r a t i o  was increaied. The maximum 
increase WELS about 2 percent  for a coolant-flow ra t io  of 0.07, compared 
wlth  about 6 percent  for a similar coolant-flow ra t io  with  turbine A 
( f ig  7(b 1 1 

A direct comparison of turbine  efficiency  ratios  obtained by equa- 
t ion (4 )  for  both cooled and uncooled oPerating data at the same equfva- 
lent  work and equivalent  turbine speed is' :shorn. i n  .f igur.e 11. At. the 
lowest  value of equivalent work considered, 14 Btu per pound, and an 
equivalent  turbine speed- of 2810 rpm (71 percent. of design), the tur- . 

bine-efficiency  ratio decreaged abtiut 1 /2  percent from the  efficiency 
at  the  zero-bleed - zero-coolant - flow condition. The turbine-effi- 
ciency r a t i o  at a coolant- - to gas-flow ratio of 0.07 increased about 
2 percent f r p m  the sgme. point .. This represents a t o t a l  spread of 2- 1 .  + 

perceot.  Similar  co~l~parisons can be made a t  higher values of equ iva -  
lent  turbine speed. . .  . .. 

2 
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Efficiency Comparisons 
- 

The cooled data obtained with each turbine were calculated.  to de- 
termine efficiencies as defined by equations (1) t o  (4) . The variation 
of these  -efficienc%es uith equivalent  turbine speed for  a representa- 
tive  value of const&%-  ei@valent  -engine  speed is shown i n  figure 1 2  
for  each turbine. Figure 13 shows cozgpeibon of '  tirrblne-efficiency 
ratios f o r  cooled and uncao1e.d operation of turbine A where the effi- 

CEl 
w CD ciency is defined by both  equations (3) and (4) . 

Ckparison at representative  equivalent e m e  speed. - Equations 
(1) and (2) (broken l ines  on f ig .  12 (a) account for   the .  extra energy 
supplied  to  the Zurbine  system from the  external air source and in- 
corporate the Internal pumping efficiency of the  turbine  rotor  into an 
over -all   efficiency def inFt ion. Cotnpar isons between eqmt ions (1) and 
(3) and between equations (2)  and (4) (fig. 12 (a)) show that t h i s  ex- 
tra energy  added t o  the system had l i t t l e  effect   (a  Illeximum of approld- 
mately I& points) on the  turbfie  efficiency . The largest  difference 

(approxinrat-ly dz points) in efficiency  occurs when equations (I) and 
(2) o r  equations (3) and (4) are compared. This indicates that inclu- 
sion of the. cooling-air pumping work results in  distinctly  higher  effi-  
ciencies,  regardless of whether or not the  cooling air i s  considered as 
a working fluid.  The turbine  efficiencies  based on the assumption that 
the  turbine  output is the net shaft power delivered t o  the cmpressor 

(eqs. (3) and (1)) show a maximum decrease of about + and 22 points, 
respectively, (I?/& = 5633, f i g .  12(a)) from the turbine efficiency 
a t  the  zero-coolant-flow  operating  point ( N / G  = 5768, f ig .  12(a) 1. 
Turbine data obtained a t  zero  coolant flow and zero  bleed  indickted 
that appraximately 1 point of this reduction in efficiency was due t o  
changes i n  turbine  operating  conditions. The net  efficiency  decrease 
due t o  the  presence' of cooling &r (0.065 coolant-flow ra t io)  is there- 
fore 2 t o  1~ points. Had the  efficiency as calculated by eqpations (1) 

and (3) exhibited  the same -1-percent  decrease as the  efficiency of the 
uncooled turbine,  the pumping  work expended on the  cooling air would 
have been  comgletely  regained by the  turbine.  Since this condition was 
closely apprMched,  &ppa;rently a large-par t  of the  cooling-air pumping 
work w& regained. A net  increase of' about 3 t o  4 points OCCUTS at a 
coolant-flow r a t i o  of 0.065 when the  rotor  coaling-air pumping  work is  
considered as par t  of -the  turbine  -output  (eqs. (2) and (4) ) and the de- 
crease in the uncooled turbine  efficiency i s  considered. 

2 

2 

1 1 

I 1 
. .  

- 
The broken Unes f a l l  above-the so l id  l i nes  at  the  higher  values 

of equivalent  turbine speed in   f igure  12. T h i s  occurs when the pumping 
action of the turbine rotor deveiops a pressure  rise. The ideal work. 
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of the  cooling air then beccrmes negative and decreases the total   avai l -  
able  turbine  ideal work. This decrease i s  the amount of work required 
to  Isentropically  increase  the  coaling-air total pressure from the 
level  a"-the rotor hub in l e t   t o   t he   t o t a lp re s su re  of the coolFng air 
and  gas mixture a t  the  turbine  exit. " 

The efficiency  curves for turbine E (fig.  lZ(b)) exhibit the same 
general  behavior as the curvefl for  turbine A, except that the trends 
a re   l ess  pronounced. Frm figure 12 it &apparent that the  efficiency 
(as defined  herein) of neither turbine was seriously  affected by t i p  
discharge of cooling air at coolant-to-gas-flow  ratios below 0.03. A t  
the  other  equivalent engine speeds  considered, the  resul ts  were similar. 

Camparison over  range of equivalent engine speeds. - To illustrate 
efficiency comparisons over the entire speed  range investigated,  figure 
13 presents  turbine-efficiency ratios fo r  cooled  and uncooled operation 
for  turbine A where the  efficiency is  defined by both  equations (3) and 
(4 ) .  Figure 13(a) i s  the same as figure 8. It i s  repeated  here  for 
convenience in camparlng with  the  curves f equation ( 3) . In  figure 
13(b) it was not  necessary to  extrapolate  the lines of constant  equiva- 
len t  turbine work for uncooled operation as was done in   f i gu re  13(a) . 
It has been pointed  out  (fig. 1 2  (a) that the exclusion of  pumping work 
made the largest  change i n  the values of turbine  efficiency  defined by 
equations (1) t o  (4).  The efficiency  definition of equation (3) was 
chosen for tbis comparison because It differs from the definit ion of 
equation (4) only by the  quantity of the pumping work. 

As can be seen from figure l3(b),   the  turbine-efficiency  ratio f o r  
cooled  operation as defined by equation (3) falls below the  efficiency 
r a t i o   f o r  uncooled  operation. This  is . in   contrast   to   the  t rend of 
turbine-efficiency  ratio as defined by equation (4) (fig. 13(a)). How- 
ever, even with the  definition of equatim (3) (which cmsiders  net 
shaft work as the  total   turbine work), turbine  efficiency i s  not seri- 

the turbine  rotor blades. For example, a t  constant  equivalent work and 
constant  equivalent  turbine speed, a maximum decrease in efficiency 
r a t i o  of about 1 percent fram the uncooled  operation  occurred with a 
coolant-flow ratio. af 0.08. 

' ously affected by the radial discharge of cooling air a t  the t i p s  of 

Interpretation of Results 

Possible mechanisms f o r  explaining the behavior of efficiency with 
changes i n  rotor  cooling-afr flow are presented  herein,  and  these  data 
are compared with  the results of other investigations. 

The cooling-air pumping work i s  actqally work that must be ac- 
canpllshed by the  turbine. The turbine-efficiency  definitions of 

f 
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equations (2) and (4) take this into account. As noted  before f o r  tur- 

i s  increased. The discharge of blade cooling afr at  the  blade  t ips 
with i t s  resultant blockage  and the  effects of redistribution of 
cmbustion-gas flow may be of such a nature as t o  cause an improvement 
in  the  blade aerodynamic efficiency. Bowever, large  increases in  effi- 
ciency would certainly  not be expected if the  rotor were w e l l  designed. 
The efficiency changes occurring  with turbine A suggest that some ad- 
d i t i ona l  effect  may be  present. 

- bine A, these   e f f ic ienc ies   embi t  an increase as the  cooling-air flow 

7 
0 
R 

The following m e c h a n i s m  might be constructed. As the  cooling air 
enters  the  turbine  rotor  stage at the blade  tips, i ts w h i r l  velocity 
i s  essentially the t ip   veloci ty  of the  turbine  rotor. If the coo- 
air leaves  the  turbine  stage  without a chmge i n  this w h i r l  velocity, 
it w i l l  not do work on the blades. If, on the  other hand, cooling air 
i s  accelerated with the cmbustion-gas  stream by virtue of i t s  am 
energy, so that it is discharged  with the same exit w h i r l  as the com- 
bustion  gas, the cooling air experiences a change i n  tangential momentum 
of (wa/g) (Ut - Vu,4). With this momentum change, the  cooling air would 
contribute an amount of work equivalent t o  (waUt/gJ) (Ut - Vu,4) . Ac- 
tually, the acceleration of cooling air t o  combustion-gas velocity is 
probably  incomplete,  and the exit direction of the coribustion-gas stream 
may be changed as a result of mixing. Same coouSg a i r  undoubtedly 
moves radially inward from the blade  tip  before lea- the  stage. Con- 
sequently,  the  term waUt(Ut - V,,,>/gJ probably  repres6nt  about  the 
maximum work recoverable from the  rotor  blade coo- air. The increase 
in  turbine  efficiency (eq. (4)) with  the  addition of coouSg air appears 
to  indicate that at  l ea s t  a portion of this work i s  being  realized. 

- 
- 

The analysis of reference 6, which predicts an efficiency  decrease 
with  the  addition of rotor  blade  cooling, daes not consider  the  intro- 
duction of the  coolant  into  the maFn gas stream. The reference assumes 
that blade  cooling  increases  the blade profile  losses as a result of 
the removal of heat frm the rotor blade channel. Since  the  effect of 
coo- i s  confined-to the two-dimensional losses (profile  losses}  in 
the  rotor,  the  analysis cannot be  expected t o  predict  experimental 
trends when the flow pattern i s  dfstorted by cooling air discharged a t  
the blade t ips .  Results of the present  investiga,tion  interpreted on 
the  basis of reference 6 indicate  that blade profile  losses due t o  air 
cooling are small compared with the effects of f low redistribution and 
cooling-air Fmpulse. 

- coNcLusIoNs 

A n  investigation was made at  sea-level  static  conditions t o  deter- 
mine the  effect  of radial  discharge of cooling air from the  rotor  blade 
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t i p s  on turbine performance i n  two turbojet  engines. The efficiency 
(as defined  herein) of neither  turbine was seriously  affected by t i p  
discharge of cooling'air . .at  coolant- to gas-flow ra t ios  below 0.03. 
The work required t o  pump the  cooling air through the  turbine  rotors 
appeared t o  have been partially  regained. 

Lewis  Flight Propulsion  Laboratory 
National  Advisow Committee for Aeronautics 

Cleveland, Ohio, October 25, 1955 
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(a) Blade for  turbine A .  (b) Blade f o r  turbine B. 

Figure 2. - Air-cooled turbine blades used in  investigation. 
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Figure 3. - Installation of centrifugal-compressor  engine in test cell. 
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Equivalent turbine speed, H/&, rpm 

Figure 8. - Comparison of turbine-efTLdency ratios obtained with turbine A. 
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(b) Cooled oparation. 

Higure 9. - Vmi~.tion of sguivalent turbine work with equlvalsnt turbine speed far turbine B. 
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(b)  Turbine B; equivalent  engine speed, 5995 rpm. 
Figure 12 .  - Concluded. Comparison of turbine  efficiencies  obtained by various methods. 
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(a) Turbine efficiency defined by equation (4). 
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(b) Tmbins efficiency  defined by equation (3) .  

Figure 13. - Cornparlaon of turbine-efficiency  ratios obtained with turbine A over entire 
range of emvalsnt engine speeds considered. 
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